Mutations in leucine-rich repeat kinase 2 (LRRK2) comprise the most common cause of familial Parkinson's disease (PD), and sequence variants modify risk for sporadic PD. Previous studies indicate that LRRK2 interacts with microtubules (MTs) and alters MT-mediated vesicular transport processes. However, the molecular determinants within LRRK2 required for such interactions have remained unknown. Here, we report that most pathogenic LRRK2 mutants cause relocalization of LRRK2 to filamentous structures which colocalize with a subset of MTs, and an identical relocalization is seen upon pharmacological LRRK2 kinase inhibition. The pronounced colocalization with MTs does not correlate with alterations in LRRK2 kinase activity, but rather with increased GTP binding. Synthetic mutations which impair GTP binding, as well as LRRK2 GTP-binding inhibitors profoundly interfere with the abnormal localization of both pathogenic mutant as well as kinase-inhibited LRRK2. Conversely, addition of a non-hydrolyzable GTP analog to permeabilized cells enhances the association of pathogenic or kinase-inhibited LRRK2 with MTs. Our data elucidate the mechanism underlying the increased MT association of select pathogenic LRRK2 mutants or of pharmacologically kinase-inhibited LRRK2, with implications for downstream MT-mediated transport events.
Introduction
Parkinson's disease (PD) is a common neurodegenerative disease with incompletely understood etiology, affecting around 1-2% of the elderly (1) . Mutations in the leucine-rich repeat kinase 2 (LRRK2) gene cause PD inherited in an autosomaldominant fashion (2, 3) . Additionally, various variants have been identified which either positively or negatively correlate with PD risk (4) (5) (6) (7) (8) (9) , highlighting the general importance of LRRK2 for disease pathogenesis. The LRRK2 protein contains various domains implicated in protein-protein interactions, as well as a central region comprised of a Ras-of-complex (ROC) GTPase domain and a kinase domain, connected via a C-terminal of ROC (COR) domain (10, 11) . All currently identified pathogenic mutants localize to this central region, and seem associated either with enhanced kinase activity (e.g. G2019S) (12) (13) (14) , increased GTP binding (15) (16) (17) (18) or reduced GTPase activity (19, 20) , suggesting that abnormal kinase and/or GTP-domain activities may cause neurodegeneration in LRRK2-linked PD (21) . Indeed, pathogenic mutations in LRRK2 can promote cellular deficits through both GTP-dependent and kinase-dependent mechanisms (13, 16, (22) (23) (24) (25) (26) , raising hopes that selective LRRK2 kinase inhibitors (27) (28) (29) , GTP-binding competitors or GTPase modulators may delay the onset of LRRK2-related PD.
The precise mechanism(s) underlying LRRK2-linked PD remain largely unknown, but a variety of studies suggest underlying cytoskeletal alterations which may impact upon various vesicular trafficking steps (30) . Endogenous LRRK2 protein can physically interact and colocalize with microtubules (MTs) (31) (32) (33) . Such colocalization has also been observed with overexpressed LRRK2, and is profoundly enhanced with certain pathogenic LRRK2 mutants (34, 35) as well as by several LRRK2 kinase inhibitors (36) (37) (38) . Finally, pathogenic LRRK2 has been reported to impair MT-mediated axonal transport in a manner correlated with enhanced MT association (35, 39) . Thus, an increased interaction of LRRK2 with MTs seems to have detrimental effects on MT-mediated vesicular transport events. However, the molecular determinant(s) within LRRK2 required for such interaction are largely unknown.
Here, we have analyzed the subcellular localization of all pathogenic LRRK2 mutants as well as of pharmacologically kinase-inhibited LRRK2. We find that both mutant and kinaseinhibited LRRK2 preferentially interact with stable MTs. This interaction does not correlate with altered LRRK2 autophosphorylation status or kinase activity, but with enhanced GTP binding. Synthetic mutations in LRRK2 which reduce GTP binding, as well as two recently described GTP-binding inhibitors that attenuate LRRK2-mediated toxicity in cell and animal models (40, 41) potently decrease this interaction, whilst a nonhydrolyzable GTP analog enhances the interaction. Thus, GTPbinding inhibitors may be useful for treating select forms of pathogenic LRRK2-linked PD.
Results
Kinase-inhibited LRRK2 and most pathogenic LRRK2 mutants display altered cellular localization
As previously described (34) (35) (36) (37) (38) , GFP-tagged wild-type LRRK2 protein was found to adopt a purely cytosolic localization in the majority of transfected HEK293T cells (Fig. 1A) . A small percentage of cells displayed additional dot-like localization in the form of one or several small, usually perinuclear structures, and a small percentage displayed a filamentous phenotype (Fig. 1A) . Such localization was not tag-dependent, as also observed with myc-tagged LRRK2 constructs (not shown) (34) .
The subcellular localization of LRRK2 may be modulated by either extrinsic and/or intrinsic factors. In support of the latter, pharmacological inhibition of LRRK2 kinase activity by either H1152 (36) or LRRK2-IN1 (37) has been reported to cause relocalization of LRRK2 to filamentous structures. Indeed, application of a whole set of specific and structurally distinct LRRK2 kinase inhibitors (37, (42) (43) (44) (45) (46) ) triggered a profound relocalization of wildtype LRRK2 to filamentous structures (Fig. 1B) without causing alterations in steady-state protein levels (Fig. 1C) . Relocalization was dose-dependent ( Fig. 1D ) and fast ( Fig. 1E) , being detectable within minutes after application of kinase inhibitor. Thus, pharmacological kinase inhibition invariably causes alterations in the subcellular localization of LRRK2.
We next evaluated the localization of all currently identified pathogenic LRRK2 mutants (N1437H, R1441C/G, Y1699C, I2012T, G2019S, I2020T) (2, 3, 17, 47, 48) , as well as of two synthetic mutants known to either impair kinase activity (K1906M) or guanine nucleotide binding (K1347A), respectively. When compared with wild-type LRRK2, the filamentous phenotype was profoundly enhanced by all pathogenic LRRK2 mutants except for G2019S and I2012T ( Fig. 1F and G) . Both kinase-inactive and GTP-binding-deficient mutants displayed a primarily cytosolic localization ( Fig. 1F and G) , and all mutants with the exception of K1347A (26) were expressed to similar degrees (Fig. 1H) , indicating that the observed differences in subcellular localization were not due to alterations in steady-state protein levels. Application of a LRRK2 kinase inhibitor (LRRK2-IN1) caused a further increase in filament formation of wild-type and all mutant LRRK2 proteins analyzed, but had no effect on synthetic kinase-inactive or GTP-binding-deficient mutants (Fig. 1G) , suggesting that the latter two may be in a conformation incompatible with inhibitor binding (49, 50) . Thus, most pathogenic LRRK2 mutants display a profoundly altered subcellular localization, and pharmacological kinase inhibition further potentiates such relocalization for both wild-type as well as all currently identified pathogenic LRRK2 mutants.
LRRK2 filaments preferentially decorate stable MTs
The filamentous LRRK2 structures described here have been previously reported to colocalize with MTs (34, 36) . MTs are heterogeneous structures subject to distinct posttranslational modifications including acetylation and detyrosination (51) (52) (53) , with the latter shown to cause increased MT stability (54) . In non-transfected cells, the majority of the total MT array contained predominantly tyrosinated a-tubulin, indicative of dynamic MTs. Only a small subset of MTs was positive for acetylated and/or detyrosinated a-tubulin, with both posttranslational modifications frequently observed on the same MT tracks in a patchy, alternating fashion ( Fig. 2A and B) . Pathogenic as well as kinase inhibitor-induced LRRK2 filaments extensively colocalized with acetylated and/or detyrosinated a-tubulin, thus indicating a preference for association with stable MTs ( Fig. 2A-C) .
When compared with dynamic MTs, stable MTs display increased resistance to nocodazole, but are effectively disrupted upon cold treatment (55) . Indeed, LRRK2 filaments were significantly disrupted upon cold treatment, with nocodazole being less effective (Fig. 3A) . MT nucleation assays further revealed a delay between MT regrowth as assayed by staining against a-tubulin, the reformation of acetylated MTs, and the reformation of mutant LRRK2 filaments, in agreement with the preferential association of LRRK2 with stable MTs (Fig. 3B) .
To examine whether modulating the acetylation and/or detyrosination status of MTs may influence the filamentous localization of pathogenic and kinase-inhibited LRRK2, we treated cells with two distinct a-tubulin deacetylase inhibitors (56) which increased the extent of tubulin acetylation and caused a modest decrease in the LRRK2 filamentous phenotype (Fig. 3C  and D) . As an alternative approach, we overexpressed aTAT1, the major a-tubulin acetyltransferase (57) , which caused an increase in a-tubulin acetylation and a profound decrease in the pathogenic LRRK2 filamentous phenotype ( Fig. 3E and F ). An enzymatically inactive point mutant (D157N) (57) displayed as indicated, and either left untreated (ctrl), or incubated with nocodazole or on ice, followed by quantification of the percentage of cells displaying a filamentous LRRK2 phenotype. Bars represent mean 6 SEM (n ¼ 4; *P < 0.05; **P < 0.01). (B) Cells were transfected with pathogenic LRRK2, incubated on ice for 1.5 h to disrupt MTs, and MT nucleation/regrowth performed for the indicated times at 37 C. Cells were stained for a-tubulin or acetylated a-tubulin, and the percentage of non-transfected or transfected cells displaying visible MT regrowth and reformation of the filamentous pathogenic LRRK2 phenotype quantified as indicated. Bars represent steady-state protein levels similar to wild-type aTAT1 (Fig. 3G) , and was without effect on the acetylation status of a-tubulin (Fig. 3E) . However, overexpression of the aTAT1 mutant defective in acetyltransferase activity also interfered with pathogenic LRRK2 filament formation, indicating that the observed effects were independent of MT acetylation status (Fig. 3F) . Importantly, and as previously reported (58) , expression of active and inactive aTAT1 both caused a decrease in detyrosinated a-tubulin ( Fig. 3H and I ), suggesting that LRRK2 filament formation may be largely modulated by the detyrosination status of MTs. Whilst the tubulin carboxypeptidase catalyzing the detyrosination of a-tubulin remains to be identified (53) , parthenolide (PTL), a sesquiterpene lactone, has been shown to inhibit the activity of this enzyme (59, 60) . Indeed, treatment of cells with PTL caused a decrease in detyrosinated a-tubulin associated with a reduction in the filamentous phenotype of pathogenic mutant LRRK2 ( Fig. 3J and K) . Altogether, these results indicate that both pathogenic and kinase-inhibited LRRK2 preferentially associate with a subset of stable MTs in a manner mainly dependent on their detyrosination status.
LRRK2 filament formation does not correlate with kinase activity or autophosphorylation status
We next set out to identify the determinants within LRRK2 necessary for the observed MT interactions. Autophosphorylation of kinases is often used as a readout of enhanced kinase activity. LRRK2 has been shown to be autophosphorylated at various sites (61) (62) (63) (64) (65) , with phosphorylation of one particular site (S1292) detectable in vivo and increased in the context of various pathogenic mutants (38) . As previously reported (38) , when introduced into a combined pathogenic mutant background (R1441C-Y1699C-G2019S), the S1292A mutation decreased the LRRK2 filamentous phenotype (Fig. 4A) . However, when introduced into constructs bearing the individual pathogenic LRRK2 mutations, no change in their subcellular localization was observed ( Fig. 4B) , with all mutants expressed to similar degrees (Fig. 4C) . Thus, enhanced S1292 autophosphorylation does not seem to comprise a relevant molecular determinant required for the observed filamentous phenotype of pathogenic LRRK2 mutants.
A series of distinct pharmacological kinase inhibitors caused filament formation, whilst a kinase-inactive point mutant (K1906M) did not (Fig. 1) . Pharmacological kinase inhibition has been suggested to induce a conformational change in LRRK2 associated with dephosphorylation of the cellular N-terminal phosphorylation sites including S935, which was not observed with kinase-dead point mutants (50) . Indeed, two distinct kinase-dead point mutants (K1906M and T2035A) displayed N-terminal phosphorylation levels similar to wild-type LRRK2 ( Fig. 5A and B) . Pharmacological kinase inhibition of wild-typEe LRRK2 caused dephosphorylation of the N-terminal S935 residue, which was also observed when adding pharmacological kinase inhibitor to kinase-dead T2035A, but not to the K1906M mutant, respectively ( Fig. 5A and B) . The changes in N-terminal dephosphorylation correlated with filament formation in pharmacologically kinase-inhibited wild-type and T2035A mutant LRRK2, with K1906M mutant LRRK2 not showing dephosphorylation neither filament formation upon pharmacological kinase inhibition (Fig. 5C) . Therefore, synthetic kinase-dead LRRK2 mutants do not seem to properly mimick the features of pharmacologically kinase-inhibited LRRK2, with the latter being accompanied by a change associated with dephosphorylation of the N-terminal cellular phosphorylation sites.
The filamentous localization of LRRK2 is modulated by 14-3-3 Interestingly, N-terminal phosphorylation is also decreased in pathogenic LRRK2 mutants which display a filamentous phenotype, but not in the G2019S mutant which is largely cytosolic (36, 66, 67) (Fig. 5D ). Since dephosphorylation of the cellular N-terminal phosphorylation sites causes disruption of 14-3-3 binding (66, 67) , and since overexpression of 14-3-3 proteins has been found to ameliorate the effects of pathogenic LRRK2 on neurite length (68), we next wondered whether 14-3-3 protein overexpression may alter the filamentous phenotype and Nterminal phosphorylation status of LRRK2. Overexpression of either 14-3-3b or 14-3-3c, both reported to interact with LRRK2 (69, 70) , decreased the filamentous phenotype of pathogenic LRRK2 without altering its dot-like localization ( Fig. 6A and B) . In addition, expression of either 14-3-3 protein decreased the filamentous phenotype of wild-type or pathogenic LRRK2 induced upon pharmacological kinase inhibition (Fig. 6B) . In contrast, whilst expressed to a similar degree (Fig. 6C) , a loss-of-function point mutant (V181D) of 14-3-3c (70) was without effect (Fig. 6B) . Overexpression of wild-type but not mutant 14-3-3c was associated with an increase in N-terminal phosphorylation of pathogenic mutant LRRK2 similar to that observed with wild-type LRRK2 (Fig. 6D) . Therefore, modulating cellular 14-3-3 levels with concomitant effects on the N-terminal phosphorylation status of LRRK2 seems to modulate filament formation.
We next wondered whether abolishing N-terminal phosphorylation may be sufficient to cause the observed filamentous phenotype of pathogenic and pharmacologically kinaseinhibited LRRK2. Preventing N-terminal phosphorylation by mutating S935 or S910/S935, either in the presence or absence of additional mutations in S955 and S973 caused increased dotlike localization (66, 67) (Fig. 7A) , but had no effect on the filamentous phenotype in either the absence or presence of LRRK2 kinase inhibitor (Fig. 7B) , with all mutants expressed to similar degrees (Fig. 7C) . Similarly, mutating another phosphorylation (Fig. 7D ), but had no effect on the filament phenotype ( Fig. 7E) , with similar steady-state protein levels of all mutants examined (Fig. 7C) . Thus, mimicking lack of phosphorylation of sites involved in 14-3-3 binding is not sufficient to mimick the filamentous phenotype observed with mutant or pharmacologically kinaseinhibited LRRK2.
Mutations within the catalytic switch II motif of the ROC GTPase domain impair the filamentous localization of pathogenic and kinase-inhibited LRRK2
Apart from altered kinase activity, altered GTP binding and/or GTPase activity have been implicated in LRRK2-related pathogenesis (16, (23) (24) (25) (26) 40, 41, 72, 73) . The GTPase activity of LRRK2 has been reported to be modulated by GTPase activating proteins (GAPs) including ArfGAP1 and RGS2, and guanine nucleotide exchange factors (GEFs) such as ARHGEF7 (24, 25, 74, 75) . Coexpression of either ArfGAP1 or RGS2 with wild-type or pathogenic R1441C-mutant LRRK2 was without effect on the filamentous phenotype of LRRK2 in the absence or presence of kinase inhibitors ( Fig. 8A and B) . ARHGEF7 significantly decreased wildtype LRRK2 filament formation triggered by pharmacological kinase inhibition, and also decreased filament formation of pathogenic LRRK2 in the absence or presence of kinase inhibitors (Fig. 8C) . However, an inactive GEF-dead variant (L386R/L387S) (75), expressed to similar degrees, also effectively interfered with filament formation (Fig. 8C and D) . As the binding of ARHGEF7 to LRRK2 is independent on the guanine nucleotide exchange activity of ARHGEF7 (75), the observed effects of both active and inactive ARHGEF7 are likely due to competing for the same binding site(s) on LRRK2 as those required for MT interactions, rather than due to effects related to ARGEF7-mediated alterations of the GTPase activity of LRRK2.
As an alternative approach to probe for the effect of LRRK2 GTP binding on filament formation, we generated a set of synthetic mutations. Previous structural studies have suggested that two residues in the ROC domain of LRRK2 (R1398 and T1343) may be important for interaction with the c-phosphate of GTP (76) . In addition, mutating R1398 has been described to decrease LRRK2 GTP binding, with a further decrease observed when additionally mutating T1343 (23), and both R1398L and R1398L/T1343V mutations have been reported to largely revert the effects of pathogenic LRRK2 on neurite outgrowth, all whilst having no detrimental effects on protein stability and/or structure (26) . We thus wondered whether these mutations may alter the pathogenic LRRK2 filamentous phenotype. When introduced into wild-type or G2019S-mutant LRRK2, no effect on filament formation was observed with either R1398L (RL), T1343V (TV) or R1398L/T1343V (RLTV) mutations (Fig. 8E) . However, the RL mutation caused a significant decrease in filament formation in the context of all pathogenic filament-forming LRRK2 mutants (N1437H, R1441C, Y1699C and I2020T) ( Fig. 8F and G) . Whilst the TV mutation was not displaying an effect on its own when introduced into wild-type or the various pathogenic LRRK2 mutants, the combination of both synthetic mutations (RLTV) drastically decreased the filamentous phenotype of pathogenic N1437H, R1441C, Y1699C and I2020T LRRK2, with all the various proteins expressed to similar degrees ( Fig. 8F-H) . (C) Cells were transfected with GFP-tagged LRRK2 constructs as indicated, and extracts analyzed for protein levels by western blotting using an anti-GFP antibody, and tubulin as loading control.
Importantly, the RLTV mutation also decreased filament formation of wild-type and pathogenic LRRK2 mutants upon pharmacological kinase inhibition ( Fig. 8E-G) , indicating a shared mechanism underlying the altered localization of pathogenic mutant and kinase-inhibited LRRK2.
Various reports indicate that an R1398H polymorphism in LRRK2 is associated with decreased PD risk (6) (7) (8) (9) . Similar to the R1398L mutation, the protective R1398H (RH) mutation reduced the filamentous phenotype of pathogenic LRRK2 in the absence or presence of kinase inhibitors, and this effect was not due to altered steady-state protein levels ( Fig. 9A and B) . Thus, select mutations in the switch II region of the ROC domain of LRRK2, including a protective risk variant, profoundly decrease the filamentous localization of pathogenic as well as kinase-inhibited LRRK2.
Altered subcellular localization of pathogenic and kinase-inhibited LRRK2 correlates with increased GTP binding and can be reverted by select LRRK2 GTP-binding inhibitors
As the synthetic mutations in the ROC domain are predicted to interfere with GTP binding (76), we measured steady-state GTP binding capacity of pathogenic mutant or pharmacologically kinase-inhibited LRRK2. As previously reported, addition of LRRK2 kinase inhibitors caused a significant increase in GTP binding of wild-type LRRK2 (77) (Fig. 10A and B) , whilst the K1347A mutation, known to disrupt the guanine nucleotidebinding P-loop motif, almost completely abolished GTP binding (16, 26) (Fig. 10C and D) . All filament-forming pathogenic mutants displayed enhanced GTP binding when compared with wild-type LRRK2 (Fig. 10C and D) , whilst the RL mutation, and to a larger degree the RLTV mutation, caused a drastic decrease in steady-state GTP binding of wild-type and all pathogenic mutants ( Fig. 10E and F) . Similarly to the RL mutation, and as previously described in the context of wild-type LRRK2 (78), the protective R1398H variant also displayed a decrease in GTP binding of wild-type and all pathogenic LRRK2 mutants (Fig. 10G) .
The capacity for GTP binding may be important for LRRK2 kinase activity (79) . Therefore, we next tested the effects of the RL and RLTV mutations on LRRK2 kinase activity. Of all mutants analyzed, only G2019S caused a significant, around 3-fold increase in LRRK2 kinase activity, in agreement with previous studies (80, 81) (Fig. 11A and B) . The RLTV mutation significantly decreased kinase activity of wild-type and most pathogenic LRRK2 mutants, whilst the RL mutation showed little effect on kinase activity (Fig. 11A and B) , even though both RL and RLTV mutants interfered with the filamentous LRRK2 phenotype (Fig. 8E-G) . These results indicate that the altered subcellular localization of mutant or pharmacologically kinase-inhibited LRRK2 correlates with enhanced GTP binding rather than with alterations in LRRK2 kinase activity.
Recent studies have described the identification of several LRRK2 GTP-binding inhibitors able to attenuate LRRK2 toxicity, and able to rescue vesicular transport deficits associated with impaired neurite outgrowth (39) (40) (41) . Both compound 68 and compound 70 significantly reduced LRRK2 GTP binding in vitro ( Fig. 12A and B) . Importantly, these compounds also reverted the filamentous phenotype of both pathogenic and pharmacologically kinase-inhibited LRRK2 (Fig. 12C and D) . Conversely, addition of a non-hydrolyzable GTP analog to transiently permeabilized cells enhanced the filamentous phenotype of pathogenic or kinase-inhibited LRRK2 (Fig. 12E) , providing further and direct evidence for the importance of GTP binding as a crucial molecular determinant for LRRK2 filament formation.
Finally, to determine the relative importance of altered N-terminal phosphorylation to the observed filamentous phenotype, we analyzed the phosphorylation of the N-terminal S935 residue in wild-type or pathogenic mutant LRRK2 in the absence or presence of the RL, the RLTV, or the protective RH mutation ( Fig. 13A and B) . The presence of mutations shown to cause a decrease in GTP binding and filament formation did not display altered S935 phosphorylation when compared with their respective non-mutant counterparts ( Fig. 13A and B) . Similarly, GTP-binding inhibitors which decrease GTP binding and partially revert the filamentous phenotype caused no effect on S935 phosphorylation of pharmacologically kinase-inhibited or pathogenic mutant LRRK2, respectively (Fig. 13C) , and GTP analogs which increase filament formation did not change S935 phosphorylation of either pathogenic or pharmacologically kinase-inhibited LRRK2 (Fig. 13D) . Since increasing cellular 14-3- GFP-tagged LRRK2 as indicated, and phospho-S935 signals normalized to wildtype LRRK2. Bars represent mean 6 SEM (n ¼ 3; **P < 0.01; *P < 0.05).
3 levels with a concomitant increase in the N-terminal phosphorylation status of pathogenic LRRK2 was found to decrease the filamentous phenotype of pathogenic LRRK2 (Fig. 6) , we analyzed whether this correlated with altered GTP binding. Indeed, the presence of wild-type, but not of loss-of-function mutant 14-3-3c, caused a decrease in LRRK2 GTP binding (Fig. 13E) . Therefore, whilst changes in the N-terminal phosphorylation status can parallel the observed alterations in the subcellular localization of pathogenic or pharmacologically kinase-inhibited LRRK2, they do not seem to be necessary to cause such phenotype. Rather, the key molecular determinant underlying the filamentous phenotype of pathogenic or pharmacologically kinase-inhibited LRRK2 relates to altered GTP binding.
Discussion
Various independent studies have reported that LRRK2 interacts with MTs, even though a preferential association with dynamic versus stable MTs has remained unclear (31, (33) (34) (35) . Whilst the presence of LRRK2 in growth cones has been taken to indicate that it may preferentially interact with dynamic MTs (39), such localization may be contributed to by additional factors. Furthermore, the previously reported alternating nature between the presence of pathogenic LRRK2 and acetylated a-tubulin staining has been taken as evidence that it interacts with dynamic MTs (35), but our data suggest this to be an unlikely interpretation for several reasons. Firstly, only a small subset of all MTs display posttranslational modifications including detyrosination and acetylation, and compared with colocalization with a-tubulin or tyrosinated a-tubulin, we observed a high degree of colocalization of mutant and kinase-inhibited LRRK2 with only the small subset of detyrosinated and/or acetylated MTs. Furthermore, detyrosination and acetylation can often be observed on the same tracks in a 'patchy' fashion (82) , reminiscent of the colocalization of LRRK2 with MT tracks which are either detyrosinated and/or acetylated. Finally, decreasing detyrosination by various means interfered with the filamentous LRRK2 phenotype. Whilst some of the data have to be interpreted with care due to the likely lack of compound selectivity (53), they are consistent with the idea that modulation of posttranslational tubulin modifications can impact upon the interaction of mutant and kinase-inhibited LRRK2 with stable MTs.
Both acetylation and detyrosination are generally enriched on stable MTs, but the contribution of acetylation to MT stability remains unclear (53) , whilst detyrosination has been clearly reported to protect MTs from the depolymerizing activity of certain motor proteins, thereby increasing their longevity (54). Apart from contributing to MT stability, posttranslational tubulin modifications are also recognized by different molecular motor proteins, and this contributes to the establishment and maintenance of polarized vesicular trafficking (83) (84) (85) . Therefore, enhanced interactions of pathogenic and kinaseinhibited LRRK2 with stable MTs may interfere with select vesicular trafficking events such as the kinesin-mediated transport along stable axonal MTs (85, 86) . In support of this possibility, pathogenic LRRK2-mediated axonal vesicular transport deficits have been consistently reported in various experimental model systems (35, 39, 87, 88) , and synaptic and axonal degeneration are observed in postmortem brains of PD patients (89) . In sum, currently available data are consistent with the LRRK2-MT interaction occurring on a subpopulation of stable MTs, with possible downstream effects on MT-mediated vesicular transport events.
The precise molecular determinants within LRRK2 required for MT interactions have remained unknown. Here, we found that all pathogenic LRRK2 mutants with the exception of G2019S and I2012T showed enhanced colocalization with MTs. When assayed in vitro, only G2019S has been consistently reported to display increased kinase activity (80, 81) , with I2012T showing a decrease (14) , and pathogenic mutants in the ROC-COR domain showing no change when compared with wildtype LRRK2, respectively. Thus, the altered subcellular localization of the various pathogenic LRRK2 mutants does not seem to correlate with their inherent differences in kinase activity as determined in vitro.
As another means to gauge for a possible correlation between altered kinase activity and filament formation, we determined the impact of abolishing autophosphorylation on this cellular readout. Like many other protein kinases, LRRK2 is subject to autophosphorylation (38, (61) (62) (63) (64) (65) . Amongst a variety of identified sites, autophosphorylation at S1292 has been detected in vivo, and a S1292A mutation has been reported to substantially reduce the filamentous localization of a LRRK2 variant harboring two distinct pathogenic mutations within the same molecule (38) . Whilst we did corroborate a decrease in the filamentous phenotype of a LRRK2 variant harboring multiple pathogenic mutations, abolishing this autophosphorylation site in the context of the individual pathogenic mutants was without effect on their subcellular localization. We cannot exclude percentage of cells displaying a filamentous phenotype quantified. Bars represent mean 6 SEM (n ¼ 3; *P < 0.05; **P < 0.01). (F) As in (E). Bars represent mean 6 SEM (n ¼ 3; *P < 0.05; **P < 0.01). (G) As in (E). Bars represent mean 6 SEM (n ¼ 3; *P < 0.05; **P < 0.01). (H) Cells were transfected with the indicated GFP-tagged constructs, and extracts analyzed for protein levels by western blotting, with tubulin as loading control. GTP binding. (A) Transfected HEK293T cells were incubated with either 1 lM LRRK2-IN1 or 1 lM GSK2578215A for 4 h as indicated, LRRK2 was affinity-purified from lysates using GTP-agarose in the presence of kinase inhibitors, and input (5%) and GTP-bound protein subjected to western blot analysis using an anti-GFP antibody. (B)
Quantification of the type of experiments depicted in (A). Bars represent mean 6 SEM (n ¼ 4; **P < 0.005). (C) Cells were transfected with various constructs as indicated, LRRK2 variants were affinity-purified using GTP-agarose beads, and input and GTP-bound protein subjected to western blot analysis using an anti-GFP antibody. (D)
Quantification of the type of experiments depicted in (C). Bars represent mean 6 SEM (n ¼ 4; **P < 0.005). (E) Cells were transfected with various constructs as indicated, and LRRK2 variants affinity-purified and subjected to western blot analysis as described above. (F) Quantification of the type of experiments depicted in (E). Bars represent mean 6 SEM (n ¼ 5; *P < 0.05; **P < 0.005). (G) Cells were transfected with the various constructs as indicated, and LRRK2 variants affinity-purified and subjected to western blot analysis followed by quantification as described above. Bars represent mean 6 SEM (n ¼ 4; *P < 0.05; **P < 0.01).
that autophosphorylation at multiple distinct sites within LRRK2 may contribute toward modulating the enhanced localization of most pathogenic LRRK2 to MTs, but the generally low stoichiometry of such autophosphorylation events (61) makes this an unlikely possibility. Altogether, our data indicate that the altered subcellular localization of the various pathogenic LRRK2 mutants does not correlate with alterations in inherent LRRK2 kinase activity.
However, and in an apparently contradictory manner, various structurally distinct and specific LRRK2 kinase inhibitors all triggered the relocalization of wild-type and mutant LRRK2 to MTs, whilst such relocalization was not observed with two distinct kinase-dead point mutants (K1906M and T2035A). LRRK2 is phosphorylated by a variety of upstream cellular kinases at distinct sites within the N-terminus, including S910, S935, S955 and S973, and phosphorylation at these sites is important for 14-3-3 binding (36, 61, 66, 67) . Pharmacological kinase inhibition has been suggested to be associated with a conformational change associated with dephosphorylation of the N-terminal phosphorylation sites, and such dephosphorylation was not found with two distinct synthetic kinase-dead mutants, suggesting that these mutants may not properly mimick the features of pharmacologically kinase-inhibited LRRK2 (50) . We corroborated these findings, and further found that dephosphorylation of the N-terminal phosphorylation sites was observed in the presence of pharmacological kinase inhibitor in the case of the T2035A, but not the K1906M mutant. Thus, and in contrast to the T2035A mutant, the K1906M mutant may not be able to bind kinase inhibitor and/or may not be able to undergo an inhibitor-mediated conformational change. The differential dephosphorylation of the N-terminal sites correlated with the differential ability of those mutants to form a filamentous phenotype in the presence of pharmacological kinase inhibition, indicating that N-terminal dephosphorylation parallels the altered subcellular localization of pharmacologically kinaseinhibited LRRK2.
Apart from pharmacologically kinase-inhibited LRRK2, all pathogenic mutants which displayed enhanced filament formation are known to show decreased N-terminal phosphorylation and 14-3-3 binding (36, 61, 66, 67) . Increasing cellular 14-3-3 levels reverted the filamentous phenotype of both pathogenic and kinase-inhibited LRRK2, which correlated with increased N-terminal phosphorylation and decreased GTP binding. To determine whether dephosphorylation of the N-terminus of LRRK2 is sufficient to cause a filamentous phenotype, we mutated all currently known N-terminal phosphorylation sites implicated in 14-3-3 binding. As previously described, Ala mutations of S910 and S935, but not of S955 or S973 were without effect on the filamentous phenotype, but caused a relocalization of LRRK2 into the dot-like phenotype. Mutating two distinct residues (S910 and S1444) also implicated in 14-3-3 binding (71) caused a similar subcellular relocalization. Whilst the identity of those dot-like structures remains unclear, the observation that a pharmacological kinase inhibitor was able to relocalize those mutant proteins back into a filamentous phenotype suggests that these structures are not irreversible protein aggregates. Our data suggest that N-terminal dephosphorylation is not sufficient to cause the filamentous phenotype of pathogenic or pharmacologically kinase-inhibited LRRK2. In addition, no significant changes in N-terminal phosphorylation were observed when altering the GTP-binding status of LRRK2 by either mutational or pharmacological means, even though such manipulations profoundly affected the subcellular localization of LRRK2. Therefore, N-terminal dephosphorylation also does not seem to be necessary for the observed changes in subcellular localization.
To further understand the shared mechanism underlying the filamentous phenotype of both pathogenic mutant and pharmacologically kinase-inhibited LRRK2, we probed for possible effects related to GTP binding. The GTP domain has been shown to exhibit important roles for the biological functions of LRRK2 (16, (23) (24) (25) (26) 40, 41, 72, 73) , even though the precise mechanism(s) of action remain unclear. We observed a perfect correlation between increased steady-state levels of GTP binding of mutant as well as of pharmacologically kinase-inhibited LRRK2 with the enhanced colocalization with MTs, indicating that increased steady-state GTP binding may explain the convergence onto a common cellular readout. We next used both molecular as well as pharmacological approaches to determine whether interfering with LRRK2 GTP binding would revert the altered subcellular localization. Residues R1398 and T1343 have been implicated in GTP binding according to structural and biochemical studies (23, 37) , and careful biochemical analysis has shown that mutating these residues has no impact on protein stability and/or macromolecular structure (26) . In agreement with the importance of those residues for LRRK2 function (26) , mutations of RL or RLTV caused a drastic decrease in steady-state levels of GTP binding of all pathogenic LRRK2 mutants, which was paralleled by a decrease in the filamentous phenotype in the absence as well as presence of kinase inhibitors. Interestingly, the RH substitution reported to confer protection against PD (6-9) also decreased the filamentous phenotype of mutant or pharmacologically kinase-inhibited LRRK2, which was associated with a decrease in steady-state GTP binding. Whilst the precise mechanism by which this variant protects against PD risk remains to be further elucidated, it is tempting to speculate that GTP-binding-mediated alterations in the subcellular localization may play a contributing role.
Previous studies reported either increased (RL) or decreased (RLTV) GTP hydrolysis activity of wild-type and G2019S-mutant LRRK2, with no changes observed in GTP binding (26) . Such opposing effects on GTP hydrolysis do not parallel the observed decrease in filament formation with both mutants as found here. In addition, a recent study also reported a decrease in steady-state GTP binding of the protective RH variant when compared with wild-type LRRK2 (78) . Whilst the lack of altered GTP binding of RL and RLTV mutants as reported previously (26) remains unclear, it may be due to subtle assay differences combined with the inherently low GTP binding affinity of LRRK2 per se. In either case, the reported decrease in GTP binding of the protective RH variant (78) , together with our current data highlight the importance of the R1398 residue for steady-state GTP binding.
As proof-of-concept, we analyzed the effects of two recently identified small-molecule LRRK2 GTP-binding inhibitors (40, 41) . Both compounds interfered with steady-state GTP binding in for 1 h with GTP-binding inhibitors as indicated, followed by addition of 1 lM GSK2578215A and incubation for another 2 h before fixation and analysis for LRRK2 subcellular localization. Bars represent mean 6 SEM (n ¼ 3; **P < 0.01; *P < 0.05). (E) Cells were transfected as indicated and treated with 500 nM MLi2 for 2 h before permeabilization as indicated. Cells were permeabilized with streptolysin-O for 10 min, and incubated in resealing buffer for another 10 min both in the presence or absence of GTPaS or 500 nM MLi2 as indicated, followed by fixation and analysis for LRRK2 subcellular localization. Bars represent mean 6 SEM (n ¼ 3; *P < 0.05).
vitro, and significantly reduced the enhanced colocalization of mutant or pharmacologically kinase-inhibited LRRK2 with MTs. These GTP-binding inhibitors have also been reported to reduce LRRK2 kinase activity in serum-starved cells (40) . However, since all pharmacological LRRK2 kinase inhibitors analyzed here were found to increase the filamentous phenotype, the main mechanism of action of the GTP inhibitor compounds is most likely related to interfering with LRRK2 GTP binding rather than with kinase activity. Whilst promising lead compounds, they are unlikely to be highly specific for LRRK2-mediated GTP binding, but may modulate GTP binding of many other proteins. Thus, future studies in intact animal models using synthetic mutations which interfere with GTP binding (e.g. the protective RH risk variant) will be required to determine whether modulating GTP binding can abolish the detrimental effects of pathogenic LRRK2, as this would warrant further efforts to develop specific GTP-binding inhibitors to treat LRRK2-related PD due to ROC-COR mutations.
To obtain direct evidence that GTP binding is required for filament formation, we transiently permeabilized cells in the presence or absence of a non-hydrolyzable GTP analog. Addition of a non-hydrolyzable GTP analog did not induce filament formation of wild-type LRRK2, which may be due to differences in the conformational state of both pathogenic and pharmacologically kinase-inhibited LRRK2 versus wild-type LRRK2, in conjunction with the low inherent GTP binding affinity of wild-type LRRK2. However, addition of a nonhydrolyzable GTP analog increased the filamentous phenotype of both pathogenic and kinase-inhibited LRRK2, providing formal proof that GTP binding is crucial for the altered subcellular localization of pathogenic and pharmacologically kinaseinhibited LRRK2.
Amongst all pathogenic LRRK2 mutants, only the G2019S mutation has been consistently shown to display increased kinase activity when measured in vitro (80,81), whilst not displaying increased GTP binding or association with MTs when compared with wild-type. In contrast, all ROC-COR mutants showed unaltered kinase activity in vitro, but increased GTP binding and a filamentous phenotype. Conversely, both G2019S and filament-forming LRRK2 mutants were found to cause increased phosphorylation of certain Rab proteins when measured from intact cells (81) . Rab proteins are associated with distinct vesicular structures moving along MT tracks. Therefore, the enhanced MT association of ROC-COR mutants may cause increased substrate phosphorylation due to enhanced 'molecular proximity', without an inherent increase in kinase activity. Whilst further studies will be necessary to corroborate the detailed downstream effects of the pathogenic LRRK2-mediated MT interactions, our results suggest a model whereby the distinct pathogenic LRRK2 mutants may impact upon the same intracellular MT-mediated vesicular trafficking events, albeit doing so by distinct means. transfected with the indicated constructs, LRRK2 variants were affinity-purified using GTP-agarose beads, and GTP-bound protein subjected to analysis for phospho-S935 signals as described in A. Bars represent mean 6 SEM (n ¼ 3; *P < 0.05).
Materials and Methods

Reagents
Trichostatin A, tubacin and nocodazole were from Sigma Aldrich, PTL from Eurodiagnostico, LRRK2-IN1, TAE684 and CZC25146 from the Michael J. Fox Foundation, GSK2578215A from Tocris, compound 68 (ID 9108605) and compound 70 (ID 9119202) from Chembridge Corporation (San Diego, USA), and GNE-0877 and GNE-7915 from MedchemExpress (USA), and MLi2 from MRC PPU, Dundee, UK. Natural streptolysin-O was from Abcam (ab63978), and non-hydrolyzable GTP test kit from Jena Bioscience (NK-102).
DNA constructs and site-directed mutagenesis
GFP-tagged human wild-type, R1441C, Y1699C, G2019S and K1347A LRRK2 constructs were obtained from Addgene. All other constructs were generated by site-directed mutagenesis (QuickChange, Stratagene), and the identity of constructs verified by sequencing of the entire coding region. For transfection purposes, DNA was prepared from bacterial cultures grown at 37 C using a midiprep kit (Promega) according to the manufacturer's instructions. GFP-tagged human a-tubulin K40 acetyltransferase (aTAT1) and an enzymatically inactive point mutant (D157N) (62) were from Addgene. Both wild-type and mutant aTAT1 were PCR amplified and subcloned into pDsRED-Express vector using the BaMHI and EcoRI sites to generate C-terminally tagged dsRED-constructs. Human flagtagged ARHGEF7 and the GEF-dead variant (L386R/L387S) were generous gifts from Drs K. Haebig and M. Bonin (University of Tuebingen, Germany), human V5-tagged ArfGAP1 was a generous gift from Dr T. Dawson (Johns Hopkins University, Baltimore, USA), human HA-tagged RGS2 was a generous gift from Dr. B. Wolozin (Boston University School of Medicine, Boston, USA), and human flag-HA-tagged 14-3-3b and rat flag-HA-tagged 14-3-3c were from Addgene. The binding-deficient V181D mutant 14-3-3c construct was generated by sitedirected mutagenesis, and identity of the construct verified by sequencing of the coding region.
Cell culture and transfections
HEK293T/17 cells were cultured as previously described (90) and transfected at 80% confluence with 2 lg of LRRK2 constructs and 6 ll of LipoD293 (SignaGen Laboratories) per well of a six-well plate overnight in full medium. Cotransfections were performed with 1.8 lg of LRRK2 constructs and 200 ng of constructs as indicated (400 ng for 14-3-3 constructs). Cells were split onto coverslips the following day at a ratio of 1:4. As indicated, cells were incubated with nocodazole (200 nM), trichostatin A (800 nM), tubacin (10 lM), LRRK2-IN1 (1 lM), TAE684 (200 nM), CZC25146 (200 nM), GSK2578215A (1 lM), GNE-0877 (1 lM), GNE-7915 (1 lM), compound 68 (10 nM to 1 lM), compound 70 (10 nM to 1 lM) for 3 h in full medium, or with PTL (5 or 10 lM) for 12 h in full medium, followed by fixation and processing for immunochemistry, or by cell lysis and western blot analysis as described in following sections.
Immunofluorescence and laser confocal imaging
MT staining was performed essentially as described (91) . Briefly, cells were rinsed twice in PBS, followed by fixation in 3% formaldehyde, 0.2% glutaraldehyde, 0.2% Triton X-100, 10 mM EGTA Secondary antibodies included Alexa 647-conjugated goat anti-rabbit, goat anti-mouse or goat anti-rat, or Alexa 488-conjugated goat anti-mouse, goat anti-rabbit or goat anti-rat antibodies (Invitrogen, 1:1000). Coverslips were incubated with secondary antibodies for 1 h at RT, followed by washes in PBS and mounting using mounting medium containing DAPI (Vector Laboratories).
Images were acquired on a Leica TCS-SP5 confocal microscope using a 63Â 1.4 NA oil UV objective (HCX PLAPO CS). Images were collected using single excitation for each wavelength separately and dependent on secondary antibodies (488 nm Argon Laser line and a 510-540 nm emission band pass; 633 HeNe Laser line and a 640-670 nm emission band pass). GFP-tagged proteins were excited with 488 nm Argon Laser line and a 500-530 nm emission band pass, and DAPI was excited with the 405 nm UV diode and a 430-480 nm emission band pass, respectively.
Twenty-five image sections of selected areas were acquired with a step size of 0.3 lm, and z-stack images analyzed and processed using Leica Applied Systems (LAS AF6000) image acquisition software. For deconvolution, image sections of selected areas were acquired with a step size of 0.12 lm, and deconvolved using Huygens Essential Deconvolution software.
Quantification of colocalization of mutant or kinaseinhibited LRRK2 with acetylated or detyrosinated a-tubulin was performed essentially as described (82) . For each condition, five individual cells were analyzed. Eight LRRK2-positive MT tracks were randomly selected from each cell and a line drawn over the length of a straight part of the track. Tracks were scored for the level of colocalization using image calculator and plot profile functions of ImageJ. The percentage of colocalization was subgrouped for each cell, with colocalization 0-50% (white), 50-90% (gray) or >90% (dark gray).
For the determination of the subcellular localization of GFPtagged LRRK2 proteins, cells were transfected and cultured as described, and fixed 48 h after transfection in 4% paraformaldehyde in PBS for 20 min at RT. Fixed cells were washed two times in PBS, permeabilized in 0.5% Triton X-100 in PBS for 10 min at RT, washed in PBS, and mounted in mounting medium containing DAPI (Vector Laboratories). Cells were visualized on an inverted microscope (Zeiss) using a 100Â 1.40 NA Plan APO oil objective. For each experiment, 100 random cells were scored and assigned to one of three phenotypes [cytosolic: purely diffuse localization; dot-like: presence of at least one dot-like structure (small, usually perinuclear); filamentous: presence of clear filamentous structures]. Experiments with RL, TV and RLTV mutants, and experiments involving LRRK2 GTP-binding inhibitors were performed and analyzed by two independent observers blind to condition, with comparable results obtained in all cases.
Live cell imaging
Live cell imaging of HEK293T/17 cells transfected with GFPtagged wild-type LRRK2 was performed on cells grown on glassbottom dishes (IBIDI) in full medium without phenol red. Live images were acquired 48 h after transfection on a Leica TCS-SP5 confocal microscope using a 63Â 1.4 NA oil UV objective (HCX PLAPO CS). LRRK2-IN1 (1 lM final concentration) was added at time 0, and images collected using single excitation 488 nm Argon Laser line and a 495-575 nm emission band pass. The 488 nm Argon Laser line was set at 30%, with pinhole airy at 1. Contrast phase images of single stacks were simultaneously acquired. Fifteen image sections of selected areas were acquired every 45 s with a step size of 0.5 lm. Z-stack maximal intensity projection images were analyzed and processed using Leica Applied Systems (LAS AF6000) image acquisition software.
MT nucleation assays
Cells were grown and transfected as described above, and split onto poly-L-lysine-coated coverslips 24 h later. The following day, coverslips in six-well dishes were placed in an ice-water bath for 1.5 h to cause cold-induced MT depolymerization. MT regrowth was initiated by placing coverslips at 37 C for the indicated time periods, followed by fixation in 4% paraformaldehyde in a buffer containing 60 mM PIPES, 25 mM HEPES, pH 6.9, 10 mM EGTA, 1 mM MgCl 2 and 0.5% Triton X-100 (92) before immunostaining as described above. Cells were visualized on an inverted microscope (Zeiss) using a 100Â 1.40 NA Plan APO oil objective. For each timepoint, 100 cells were scored for visible MT staining with antibodies against a-tubulin or acetylated a-tubulin in non-transfected versus transfected cells, and for visible pathogenic LRRK2 filament reformation in transfected cells.
Permeabilization of cells with streptolysin-O
Cells were grown and transfected as described above, and split onto poly-L-lysine-coated coverslips in 24-well plates the following day. Two days after transfection, cells were incubated with or without 500 nM MLi2 for 2 h as indicated. Permeabilization was performed essentially as described previously (93,94) with slight modifications. Cells were permeabilized in 1 ml of Hank's balanced salt solution (HBSS; 4.17 mM NaHCO 3 , 0.34 mM Na 2 HPO 4 , 0.44 mM KH 2 PO 4 , 137.9 mM NaCl, 5.3 mM KCl, pH 7.4) containing 16 ng/ml streptolysin-O for 10 min at 37 C. This resulted in the permeabilization of around 80% of cells as independently determined by Trypan blue staining. After 10 min, permeabilization buffer was replaced by 1 ml of resealing buffer (10 mM HEPES, 140 mM NaCl, 5 mM KCl, 1.3 mM MgCl 2 , 2 mM CaCl 2 , pH 7.4), and cells were incubated for an additional 10 min at 37 C. Buffers contained 500 nM MLi2, 5 lM GTPaS, GPCpp, GppCp, GppNHp or GTPcS as indicated. Amongst the non-hydrolyzable GTP analogs tested, only GTPaS was found to be non-toxic to permeabilized cells up to a concentration of 5 lM, and thus was used for all subsequent experiments. Upon permeabilization and resealing, cells were fixed and stained as described above, and 100 random cells were scored for a filamentous phenotype per condition and experiment. Cells displayed an intact MT network upon 10 min permeabilization and 10 min resealing under all conditions analyzed.
Cell extracts and western blotting
Cells were collected 48 h after transfection, washed in PBS and resuspended in cell lysis buffer (1% SDS in PBS containing 1 mM PMSF, 1 mM Na 3 VO 4 , 5 mM NaF). Extracts were sonicated, boiled and centrifuged at 13 500 rpm for 10 min at 4 C. Protein concentration of supernatants was estimated using the BCA assay (Pierce), and equal amount of extracts were resolved by SDS-PAGE, transferred to PVDF (in the case of ECL detection) or to nitrocellulose membranes (in the case of detection by Odyssey) and analyzed by western blotting using a variety of antibodies as indicated, including rabbit polyclonal anti-GFP (Abcam, ab6556, 1:1000), mouse monoclonal anti-myc (Sigma, clone 9E10, 1:1000), rabbit polyclonal anti-V5 (Sigma, V8137, 1:2500), rat monoclonal anti-HA (Roche, clone 3F10, 1:500), mouse monoclonal anti-flag (Sigma, clone M2, 1:500), phospho-S935-LRRK2 antibody (Abcam, 1:1000), mouse monoclonal antiacetylated a-tubulin (Sigma, clone 6-11B-1, 1:5000), rabbit polyclonal anti-detyrosinated a-tubulin (Millipore, AB3201, 1:500) and mouse monoclonal anti-a-tubulin (Sigma, clone DM1A, 1:10 000). Membranes were incubated with primary antibodies in 5% BSA (w/v) in TBS-0.1% Tween-20 for 1.5 h at RT, or overnight at 4 C. For ECL detection, membranes were incubated with secondary antibodies in 5% BSA in TBS-0.1% Tween-20 for 1 h, or with secondary antibodies in PBS (1:10 000) for detection by Odyssey, followed by three times 5 min rinses in PBS.
Westerns were developed with ECL reagents (Roche), and a series of timed exposures to ensure that densitometric analyses were performed at exposures within the linear range. Most determinations of steady-state protein levels, as well as all GTPbinding assays were quantified by ODYSSEY infrared imaging system application software LI-COR Image Studio Lite version 5.2. For determination of S935-phosphorylation status, HEK293T cells were transiently transfected with the indicated constructs to express wild-type or mutant LRRK2 using 1 lg of DNA in 50 ml OPTI-MEM (Thermo Fisher) and 2 lg of linear polyethylenimine (PEI, Polyscience) per P24 well. Cells were lysed 48 h after transfection with 100 ll of lysis buffer [20 mM Tris-HCl, pH 7.5, 150 mM NaCl, 1 mM EDTA, 1% Triton, 10% glycerol, supplemented with Protease and Phosphatase Inhibitor Mixture (Roche)]. Samples were incubated on ice for 30 min and cleared by centrifugation at 18 000g for 30 min at 4 C. Protein concentration of supernatants was estimated using the BCA assay (Pierce), and equal amount of protein (10 mg) were resolved on 3-8% SDS-PAGE, transferred onto PVDF membranes (Bio-Rad) and analyzed by immunofluorescence western blotting using antibodies against total-LRRK2 antibody (N241 A/34, NeuroNab, 1:1000) or anti-GFP antibody (Abcam, ab6556, 1:1000), phospho-S935-LRRK2 antibody [UDD2 10(12), Abcam, 1:1000] and mouse monoclonal anti-beta-actin (Sigma, 1:10 000). Membranes were incubated with primary antibodies in 5% BSA (w/v) in TBS-0.1% Tween-20 overnight at 4 C. Membranes were washed three times for 10 min with TBS-Tween buffer, and incubated for 1.5 h at room temperature with anti-mouse Alexa-488 and anti-rabbit Alexa-568 secondary antibodies (1:1000) in 5% BSA (w/v) in TBS-T buffer. Membranes were washed in TBS-T buffer followed by visualization on Typhoon FLA9500 (GE Healthcare) and densitometry analysis carried out using ImageJ software. In some cases, analysis was performed as described above by ODYSSEY infrared imaging system application software LI-COR Image Studio Lite version 5.2. In all cases, total LRRK2 protein levels were comparable amongst the different mutants analyzed.
GTP-binding assays
GTP-binding assays were performed essentially as previously described (77) . HEK293T/17 cells were cultured in 100 mm diameter dishes and transfected at 70-80% confluence with 12 lg of GFP-tagged LRRK2 DNA and 36 ll of LipoD293 per plate. Cells were split into 100 mm dishes at a ratio of 1:3 the following day, and lysed in 1 ml of lysis buffer per dish [20 mM Tris-HCl, pH 7.4, 1% Triton X-100, 137 mM NaCl, 3 mM KCl, 10% (v/v) glycerol, 1 mM EDTA, 1 mM Na 3 VO 4 , 5 mM NaF, 1 mM PMSF] for 1 h at 4 C on a rotary wheel, followed by clarification of extracts by centrifugation at 13 200 rpm for 10 min at 4 C. Soluble protein was evenly split into two tubes to a final volume of 500 ll each, and each incubated with 30 ll of 5'-GTP agarose beads (Sigma Aldrich) overnight at 4 C on a rotary wheel. One of the two samples was used as control for non-specific binding to GTP-agarose beads by adding a final concentration of 10 mM GTP. The next day, beads were washed two times with ice-cold lysis buffer, and GTP-bound proteins eluted from beads by incubation with 30 ll ice-cold lysis buffer containing 10 mM GTP for 15 min at 4 C on a rotary wheel.
Beads were centrifuged at 13 200 rpm for 1 min, eluates were transferred to fresh tubes and resuspended with 5Â Laemmli sample buffer containing b-mercaptoethanol. Both eluate and input (5% total lysate) samples were subjected to SDS-PAGE and western blotting with an anti-GFP antibody (Abcam, ab6556, 1:1000). GTP-binding assays were quantified by ODYSSEY as described above, with GTP-specific binding of each LRRK2 construct normalized to protein input. For experiments determining the effects of GTP-binding inhibitors (40, 41) , the respective compounds were added to the lysis buffer and kept throughout the experiment. For experiments determining the effect of LRRK2 kinase inhibitors, compounds were added to cells 4 h prior to lysis, added to the lysis buffer, and kept throughout the experiment.
In vitro LRRK2 kinase assays Membranes were washed four times for 10 min with TBS-T buffer, and incubated for 1 h at room temperature with horseradish peroxidase-conjugated rabbit secondary antibodies (1:15 000) in 5% (w/v) skimmed milk in TBS-T buffer. Membranes were washed in TBS-T buffer followed by visualization using ECL Western Blotting Detection Reagents (GE Healthcare). Data were normalized to the concentration of the individual proteins on PVDF membranes directly stained with Coomassie [40% methanol, 10% acetic acid, 0.1% (w/v) Comassie R-250], and densitometry analysis carried out using ImageJ software, with kinase activities of the various proteins expressed relative wild-type LRRK2, which was present on every gel for comparison.
Statistical analysis
All data are expressed as means 6 SEM. Data were analyzed by one-way ANOVA with Tukey's post hoc test, and P < 0.05 was considered significant.
